Researchers from the National Institute for Occupational Safety and Health (NIOSH) conducted an extent-of-exposure study of the 1,3-butadiene monomer, polymer, and end-user industries to determine the size of the exposed workforce, evaluate control technologies and personal protective equipment programs, and assess occupational exposure to 1,3-butadiene. A new analytical method was developed for 1,3-butadiene that increased the sensitivity and selectivity of the previous NIOSH method. The new method is sensitive to 0.2 pg per 1,3-butadiene sample. Walk-through surveys were conducted in 11 monomer, 17 polymer, and 2 end-user plants. In-depth industrial hygiene surveys were conducted at 4 monomer, 5 polymer, and 2 end-user plants. Airborne exposure concentrations of 1,3-butadiene were determined using personal sampling for each job category. A total of 692 full shift and short-term personnel and 259 area air samples were examined for the presence of 1,3-butadiene. Sample results indicated that all worker exposures were well below the current OSHA PEL of 1000 ppm. Exposures ranged from less than 0.006 ppm to 374 ppm. The average exposure for all samples was less than 2 ppm. The present American Conference of Governmental Industrial Hygienists (ACGIH) threshold limit value for 1,3-butadiene is 10 ppm. To reduce the potential for occupational exposure, it is recommended that quality control sampling be conducted using a closed loop system. Also all process pumps should be retrofitted with dual mechanical seals, magnetic gauges should be used in loading and unloading rail cars, and engineering controls should be designed for safely voiding quality control cylinders.
Introduction
In the United States, 100% (2500 million pounds) of all the 1,3-butadiene is produced as a coproduct of ethylene manufacture. Styrene-butadiene rubber (SBR) and latex and polybutadiene rubber (BR) productions account for the two largest uses of 1,3-butadiene in the U.S. and approximately 1600 million pounds are used primarily in the tire industry. Polychloroprene (neoprene) rubber production ranks third with 200 million pounds (1) .
The National Institute for Occupational Safety and Health (NIOSH) has estimated from their National Occupational Hazard Survey that 65,000 workers are potentially exposed to 1,3-butadiene (2) .
Limited published data exist on the extent of worker exposure to 1,3-butadiene. These data are highly sus-pect because they are based on an analytical method that does not adequately separate 1,3-butadiene from other C4 hydrocarbons. Also, there is likelihood of poor desorption efficiency at low levels and of the sample collection exceeding their volumetric capacity. It is believed that the historical monitoring results tend to overestimate exposure to 1,3-butadiene. Because of these data deficiencies, the use of the existing exposure data base in any risk assessment must be done with caution because of the imprecision and error in the estimates of past exposure.
Recent inhalation exposure studies ofrats (3) and mice (4) to 1,3-butadiene found the induction of a carcinogenic response at multiple sites at levels of exposures below the Federal Guidelines of 1000 ppm.
Based on the positive results ofthe animal studies and the deficiencies in the available exposure data, NIOSH, through an Interagency Agreement with the U.S. Environmental Protection Agency's Office of Toxic Substances, conducted an extent-of-exposure study of the 1,3-butadiene industry. Between 1984 and 1987 , NIOSH surveyed a total of 39 1,3-butadiene monomer, polymer, and end-user plants. The data generated from this study was to be used by the Occupational Safety and Health Administration (OSHA) in developing a new health standard for 1,3-butadiene. This effort also included the development of a new analytical method, the determination of occupational exposure to 1,3-butadiene, and the documentation of effective control technology and personal protective equipment programs. This paper addresses the current extent-of-exposure data obtained and provides recommendations for reducing potential exposure to 1,3-butadiene.
Applicable Standards and Recommended Limits
The current permissible exposure limit (PEL) of the U.S. Occupational Safety and Health Administration (OSHA) for 1,3-butadiene is 1000 ppm (2200 mg/m3) (5) . At the time of this report, OSHA had initiated a new rule-making process to reduce worker exposure to 1,3-butadiene. Based on reported animal carcinogenicity data, the American Conference of Governmental Industrial Hygienists (ACGIH) has included 1,3-butadiene as an "A2" industrial substance suspected of carcinogenic potential in man (6) . A threshold limit value (TLV) of 10 ppm (22 mg/mi3) has been assigned to 1,3-butadiene.
NIOSH recommends that 1,3-butadiene be regarded as a potential occupational carcinogen and teratogen and as a possible reproductive hazard (2) .
Study Design
The study was divided into two phases and involved a detailed evaluation of the three industries using 1,3-butadiene: monomer, polymer, and end-users. The first phase of the study was to conduct walk-through surveys at 11 monomer production plants, 17 polymer plants, and 2 end-user plants. The walk-through surveys were used to define production, work practices, number of workers potentially exposed, personnel records, and engineering controls.
At the time of this study, 11 companies in the U.S. were producing 1,3-butadiene monomer at 16 plant locations. Walk-through industrial hygiene surveys were conducted at all 11 U.S. monomer producers. To conduct a study of the polymer industry it was first necessary to identify the different kinds of 1,3-butadiene polymers or products produced. Twenty-four polymers or products containing 1,3-butadiene were identified and 17 production facilities representing the 24 polymers were randomly selected for walk-through surveys.
Two plants from the end-user industry were randomly selected from a potential plant population that numbered in the hundreds. Because sytrene-butadiene rubber and polybutadiene rubber account for the two largest uses of 1,3-butadiene, a rubber tire plant and an industrial hose plant were selected. Walk-throughs and in-depth surveys were combined for this industry. The justification ofcombining the two surveys is based on the limited potential for 1,3-butadiene to present a potential exposure hazard in the end-user industry.
The second phase ofthe study was to conduct in-depth industrial hygiene surveys. This phase was similar to the first one, with the exceptions that both occupational air samples for 1,3-butadiene were collected and the engineering controls were evaluated during the in-depth surveys. In-depth surveys were conducted at four monomer plants, five polymer, and the two end-user plants. These facilities were chosen based on their representation of the monomer, polymer, and end-user group as a whole.
Effectiveness of Engineering

Controls
Consumption and use of 1,3-butadiene occurs in enclosed processing systems at open-air plants. The 
Quality Control Samples
A quality control (QC) program typically requires workers to perform three major tasks: a) collecting 1,3-butadiene samples using sampling cylinders, b) performing laboratory analysis of the samples, and c) purging/cleaning the sampling cylinders. Each task has individual controls associated with it.
In general, there are two types of sampling methods: the use of on-line gas chromatographs and manual sampling employing either an open-loop or closed-loop system. The use of on-line gas chromatographs may also decrease the need for some manual sampling.
Manual sample collection consists of attaching the sample cylinder (bomb) to fittings on the process equipment, opening the process stream in order to allow the sample to flow through the cylinder, closing off the sampling stream, and disconnecting the cylinder.
Open-loop atmospheric sampling systems represent the older technology and present greater potential for exposure. In these systems, the cylinder is attached to a process release valve, opened at both ends. A sample is taken following the release of 1,3-butadiene through the cylinder directly into the workplace. This stream of 1,3-butadiene detracts from the air quality in the work environment and may result in worker exposure through both inhalation and direct dermal contact. The mechanical nature ofthis sampling process lends itselfto exposure because of the mechanical connection of the cylinder to the sample stream by means of a threaded fitting. The process technician can be exposed by leaks in the cylinder resulting from worn or cross threaded fittings.
The potential for worker exposure during sampling is greatly minimized by the use of closed-loop sampling techniques. These systems represent a recent solution towards minimizing the release of process fluid to the work environment during cylinder sampling. The closed-loop system allows the sampled fluid to circulate from the process through the cylinder, and back to the process. Sampling occurs by grabbing a sample of the process stream through the cylinder. Sampling lines connecting the process to the cylinder are a pernanent part of the process equipment. Properly designed closed-loop systems also have provisions allowing the inspector to purge or evacuate the sample lines of 1,3-butadiene before removing the cylinder. Improperly purged sampling lines are a source of 1,3-butadiene exposure when the cylinder is disconnected because the sampling line is under positive pressure with respect to the work environment. The effectiveness of the closedloop system is contingent on the proper fitting of the cylinder to the closed-loop system. Worn fittings will result in 1,3-butadiene leaks during sampling and voiding procedures.
Laboratory analyses of the quality control samples may present a potential for additional exposures through dermal contact or inhalation. The sample bombs are taken to the plant laboratory for analysis by instrumental methods (gas chromatography) and wet chemical procedures. The Monitoring the loading/unloading operation for tank trucks differs from that of rail tank cars in that the gauging system on the trucks is an open-ended rotameter that releases 1,3-butadiene into the atmosphere, thereby creating the potential for 1,3-butadiene exposure.
Marine vessels typically use slip-tube gauges similar to those used by rail tank cars for monitoring the loading/ unloading process.
Sampling and Analytical Method
The major limitation at the start of the study was the sensitivity and selectivity of the analytical method for 1,3-butadiene (NIOSH method S-91) ( To assure the quality of results, sample blanks and quality control spikes were generated, analyzed, and reported in accordance with NIOSH Quality Assurance and Quality Control procedures (9) . Field samples were refrigerated during shipment and storage. Samples were found to remain stable for at least 21 days when kept at -4°C.
In-Depth Site Selection Strategy
Site selection for the in-depth industrial hygiene surveys were designed to obtain a representative subset of the 1,3-butadiene industry to use in characterizing exposures by job title. To achieve this, the monomer production plants were divided into distinct subpopulations (strata) representing observed differences in the workplace environment (i.e., the presence or absence or controls, the mode of transportation, or the existence of other production procedures). A single plant within each stratum was selected, based on a scoring system that quantified the relative representation of each site. Four plants emerged as best representing the diversity of the work environments seen in the 1,3-butadiene monomer industry.
The site selection criteria for the five in-depth industrial hygiene surveys of the polymer industry were based on the information acquired during the 17 walkthrough surveys. The final site selection for the in-depth surveys was based on the following criteria: The end-user industry was divided into the rubber tire industry and rubber products industry. Since little or no exposure to 1,3-butadiene was anticipated in the enduser industry, only one plant was selected from each industry group.
Industrial Hygiene Sampling Strategy
The 11 in-depth surveys were planned and scheduled to obtain personal and area air samples during normal production conditions. Exposure concentrations of 1,3-butadiene were determined for each potentially exposedjob category using personal sampling. At least one worker in each exposed job category was monitored for a full shift. During each in-depth survey, three shifts were monitored over the course of3 work days. Auxiliary jobs were also monitored in the production area where exposure to 1,3-butadiene was intermittent. Nonproduction jobs involving maintenance and laboratory workers were also evaluated to determine their potential for exposure. Area samples were conducted to determine the levels ofworkplace air in the general process area. Short-term personal samples (15-120 min) were also obtained of jobs/tasks to evaluate peak exposure during the performnance of the task. The short-term samples were taken during quality control sampling, cylinder voiding, or whenever ajob required a worker to open up a 1,3-butadiene line (i.e., maintenance).
Results and Discussion
Monomer Industry A total of 117 personal samples (composed of 88 full shift and 29 short-term samples) were collected during the four in-depth surveys of the monomer industry.
Eight job descriptions were monitored during the indepth surveys. Six of these jobs were tasks that required the worker to spend a majority of the time in the process area where the production, handling, or storage of 1,3-butadiene took place. Two of the titles described jobs that were performed in the quality control laboratories at each plant. In addition to the personal sampling of employees with specific job responsibilities, seven work areas and the general ambient air at the perimeter of the process were monitored for concentrations of 1,3-butadiene.
The personal samples were presented in Figure 1 by job title. The number of samples, arithmetic mean, median, range, and geometric mean and standard deviation are presented for each job title. Figure 2 Figure 3 .
A review ofthe personal exposures byjob title (Fig. 1 Figure 3 illustrates that the exposure potential will exceed 10 ppm for short-tern sampling in all three types of periodic inplant activities-cylinder sampling, cylinder voiding, and maintenance. Short-term monitoring is intended to evaluate peak exposures during a job activity with a definite exposure potential. The highest shortterm 1,3-butadiene concentrations are associated with the open-loop sampling (146 ppm) and cylinder voiding (108 ppm). Polymer Industry
A total of 451 personal samples and 132 area air samples (composed of 437 full-shift and 14 short-term samples) were collected during the five 1,3-butadiene polymer facility in-depth surveys.
Figures 4 and 5 provide a breakdown by job category/ work activity of the full-shift and short-term personal monitoring results, respectively, and present averages, ranges, and standard deviations for the measured 1,3-butadiene concentrations. Full-shift exposures for the different job categories range from a low of < 0.005 to a high of 43.2 ppm (Fig. 4) , whereas the short-term exposures range from 0.088 to a high of210 ppm (Fig. 5) . The highest full-shift personal exposure was 43.2 ppm for a maintenance technician working on a 1,3-butadiene compressor. The highest short-term exposure was 210 ppm for a process technician (unloading area) sampling a barge for 1,3-butadiene. The short-term personal monitoring was conducted with the intention of identifying peak exposures during operation or activities that were considered to have a potential for exposure to 1,3-butadiene. The sampling results in Figure 5 show at least one short-term exposure to 1,3-butadiene greater than 10 ppm for all four types of periodic inplant job categories. Figure 4 clearly shows that the six job categories that experience full-shift (personal) 1,3-butadiene exposures greater than 10 ppm (at least one sample) are the process technician in unloading, tank farm, purification, polymerization or reaction, laboratory technician, and maintenance technicians. As evident from the results of the NIOSH monitoring study, the use of analytical methods specific to 1,3-butadiene is preferred for assessing 1,3-butadiene exposures.
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